Mammalian genomes encode thousands of long non-coding RNAs (lncRNAs) that play important roles in diverse biological processes. As a class, lncRNAs are generally enriched in the nucleus and specifically within the chromatin-associated fraction. Consistent with their localization, many lncRNAs have been implicated in the regulation of gene expression and in shaping threedimensional nuclear organization. Here, we discuss the evidence that many nuclear-retained lncRNAs can interact with various chromatin regulatory proteins and recruit them to specific sites on DNA to regulate gene expression. Furthermore, we discuss the role of specific lncRNAs in shaping nuclear organization and their emerging mechanisms. Based on these examples, we propose a model that explains how lncRNAs may shape aspects of nuclear organization to regulate gene expression.
It has long been suspected that RNA might play a role in organizing the structure of the nucleus. Early studies of heterogeneous nuclear RNA (hnRNA) identified a large proportion of poly(A)-modified RNA that was retained in the nucleus and was of a distinct composition from messenger RNA (mRNA) and their precursors [18] [19] [20] . Many of these RNAs were found to be localized to precise regions of the nucleus including nuclear speckles 21 and other chromatin-associated regions 21, 22 . Subsequent studies showed that global disruption of RNA transcription, but not protein translation, led to visible rearrangements of nuclear organization 23 . These studies led to the proposal that nuclear-retained RNAs might play an important structural role in the nucleus 18, 21, 23 .
Over the last decade many thousands of functional lncRNAs have been identified [24] [25] [26] [27] . Recent work has highlighted that many of these lncRNAs can play important roles in diverse biological processes [28] [29] [30] [31] [32] , [33] [34] [35] [36] [37] . As a class, these lncRNAs are generally enriched in the nucleus and specifically within the chromatin-associated fraction 27, 38 . Accordingly, most work on lncRNAs have focused on their role in gene regulation and, specifically, in the recruitment of chromatin regulatory proteins to genomic DNA locations 25, 39, 40 . In addition to this role, several recent studies have demonstrated another important role for lncRNAs in the nucleus -that is, several lncRNAs are essential for organizing distinct nuclear structures [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] .
While lncRNAs are likely to fall into many different classes with different mechanisms 25, 39, 40 , in this review we focus exclusively on nuclear-retained lncRNAs that are involved in the regulation of gene expression 25, 40 and in shaping three-dimensional nuclear organization 4, 35, [42] [43] [44] [45] 51 . Here, we discuss the evidence demonstrating that several lncRNAs can interact with various chromatin regulatory proteins, recruit them to specific sites on DNA, modify chromatin, and regulate gene expression. Furthermore, we discuss the role of specific lncRNAs in shaping aspects of three-dimensional nuclear organization and the emerging mechanisms by which they perform this role. Based on these examples, we synthesize the observed data into a model that may explain how some lncRNAs can shape nuclear organization to regulate gene expression -highlighting how these two apparently distinct roles may indeed occur through a shared mechanism.
Mechanisms of lncRNA regulation of gene expression through chromatin regulation
It is becoming increasingly clear that many lncRNAs can act to affect various gene expression programs 25, 40 . Initial evidence for the role of lncRNAs in gene regulation came from studies of mammalian X-chromosome inactivation (XCI), a process that entails silencing of an entire X-chromosome in females during development 52 . This process is orchestrated by the Xist lncRNA, which is transcribed exclusively from the inactive Xchromosome (Xi) [53] [54] [55] and coats the entire Xi 56 . Importantly, genetic deletion of Xist prevents XCI 57 , and induction of Xist is sufficient to initiate XCI on the same chromosome from which it is transcribed 58, 59 . This silencing capability is dependent on a discrete region of the lncRNA, the A-repeat domain, whose deletion prevents transcriptional silencing without affecting Xist localization across the X-chromosome 60 .
There are numerous additional examples of lncRNAs that participate in the regulation of various genes. A classic example is the Air lncRNA, which is responsible for regulating the Igfr2 gene to control genetic imprinting [61] [62] [63] . In addition, HOTAIR affects the expression of genes in the HoxD cluster 64 among other genes throughout the genome 33, 65 . Recently, systematic studies exploring lncRNA function have shown that a large percentage of lncRNAs in the cell affect various gene expression programs 29, 30, 66 , including those involved in embryonic development [28] [29] [30] , cardiac function 31, 32 , immune responses 67, 68 , and cancer [33] [34] [35] [36] [37] . Based on these gene expression studies, various regulatory strategies have been proposed for lncRNAs, including the activation 47,69 and repression 34, 52, 64 of genes in cis 47, 52 and in trans 33, 64 . Yet, whether lncRNAs directly or indirectly regulate these target genes remains unknown.
lncRNAs can recruit chromatin regulatory proteins to genomic DNA targets
Insights into how lncRNAs can regulate gene expression initially came from studies of Xist. Specifically, female embryos containing a deletion of a component of the Polycomb Repressive Complex 2 (PRC2), which places repressive histone modifications on chromatin 70 , failed to maintain proper XCI 71 . It was subsequently shown that the PRC2 complex was recruited to the entire Xi 38 and that the timing of PRC2 recruitment tightly coincides with the induction of Xist during development 52, 72, 73 . Importantly, deleting a discrete region of the Xist lncRNA, the B-F-repeat domain, causes a loss of PRC2 recruitment to the Xi without impacting transcriptional silencing or Xist localization across the Xi during the induction of XCI 74 . Yet, there are still many open questions about Xistmediated PRC2 recruitment. First, whether Xist physically interacts with the PRC2 complex 75, 76 or indirectly recruits PRC2 74, 77, 78 is still debated 78 (see Box 1). Second, how Xist silences transcription and what role PRC2 may play during the induction of XCI is unclear 78 since PRC2 recruitment does not appear to be required for transcriptional silencing on the Xi 74 . Specifically, Xist mutants that disrupt the ability to recruit PRC2 (B-F repeat mutants) can still silence transcription 74 , mutants that fail to silence transcription (A-repeat mutants) can still recruit PRC2 across the Xi 74, 79 , and Xist can induce transcriptional silencing within cells containing a genetic deletion of PRC2 80, 81 . Despite these open questions, it is clear that Xist is required to recruit the PRC2 complex across the Xchromosome 73, 74, 79 .
This chromatin protein recruitment model may be more general beyond Xist and has been proposed for several other lncRNAs. For example, HOTAIR is thought to physically interact with PRC2, and loss-of-function of HOTAIR leads to a reduction of the PRC2-dependent H3K27me3 repressive modifications across the HoxD gene cluster 33, 64 , suggesting that HOTAIR recruits PRC2 to these genes and may be involved in silencing their expression. Another example is HOTTIP, which is thought to physically interact with the WDR5 protein and whose loss-of-function leads to a reduction of its associated H3K4me3 active histone modifications on chromatin across the HoxA gene cluster 47 , suggesting that HOTTIP recruits WDR5 to these genes and may be involved in activating their expression. More generally, a large percentage of lncRNAs are thought to physically interact with various chromatin regulatory proteins including PRC2 30, 38, 82, 83 , WDR5 47, 84 , and other readers 30, 35, 83, 85 , writers 30, 35, 63, 86 , and erasers 30, 87 of chromatin modifications ( Figure 1B ).
These examples highlight how lncRNAs may both activate and repress gene expression through a common chromatin-centric recruitment mechanism ( Figure 1A) .
Recently, it has been suggested that the PRC2 complex may interact with all RNAs in the cell -including lncRNAs and mRNAs 88, 89 . There is considerable debate about how many of the identified interactions between lncRNAs and chromatin proteins are specific 76, 88, 89 and whether these physical interactions occur through direct RNA-protein or indirect proteinprotein contacts 78, 90 (see Box 1) . Yet, it is increasingly clear that at least some of these lncRNA-chromatin interactions are important for lncRNA-and chromatin-mediated gene regulation. For example, mutating the RNA binding domain of WDR5 eliminates its chromatin modification and gene regulatory activities at its target sites without impacting its catalytic activity 84 . More generally, RNAi-mediated loss-of-function of several lncRNAs impact the same genes as those impacted by loss-of-function of their associated chromatin regulatory proteins 30, 38 .
Together, these results suggest that many lncRNAs may recruit chromatin regulatory complexes to specific targets on genomic DNA to control gene expression ( Figure 1A ).
lncRNAs may scaffold multiple chromatin proteins to coordinate discrete functions
Individual lncRNAs may interact with multiple chromatin proteins simultaneously to coordinate multiple functional roles that are required to properly regulate gene expression ( Figure 1B ). For example, HOTAIR is thought to interact with both the PRC2 histone methyltransferase and the LSD1 histone demethylase complex 87 . This interaction may be important for coordinating the removal of activating marks (LSD1) and the addition of repressive marks (PRC2) on chromatin. More generally, over 30 of the lncRNAs expressed in embryonic stem cells (ESCs) are thought to interact simultaneously with multiple chromatin regulatory complexes that can read, write, and erase functionally related chromatin marks 30 . Indeed, some of these ESC lncRNAs can interact with the Jarid1c histone demethylase complex, the PRC2 histone methyltransferase complex, and the ESET histone methyltransferase complex 30 . This interaction may be important for coordinating the removal of activating marks (Jarid1c) and the addition of different repressive marks on chromatin (PRC2, ESET) ( Figure 1C ). Importantly, many of these chromatin proteins have been shown to co-localize at specific sets of genes in ESCs even though these proteins are not thought to directly interact with each other [91] [92] [93] .
Furthermore, the Xist lncRNA is capable of coordinating at least three discrete functions to carry out its role in XCI. These functions are mediated by distinct genetic domains of the lncRNA that are required for silencing transcription (A-repeat) 60 , recruitment of PRC2 (B-F-repeat) 74 , and localization to chromatin (C-repeat) 94, 95 -all of which are required for proper XCI. Despite these clear genetic roles, the exact molecular mechanisms by which Xist coordinates these functions remains unclear because the proteins that directly interact with Xist are still largely unknown.
Together, these results suggest that some lncRNAs may create unique assemblies of chromatin regulatory complexes and other protein complexes that do not normally form protein-protein interactions ( Figure 1B) . By acting as a scaffold for regulatory proteins, lncRNAs may coordinate the regulation of gene expression by recruiting a set of proteins that are required in combination for the shared regulation of a specific set of target genes ( Figure 1C ).
Mechanisms of lncRNA recruitment to genomic DNA lncRNAs can recognize specific genomic DNA sites through diverse mechanisms Three general mechanisms have been proposed for how lncRNAs that recruit protein complexes to genomic DNA can recognize specific target sites ( Figure 1A ). (i) RNA polymerase can tether a lncRNA to its site of transcription and, from this location, a lncRNA can act on its neighboring genes. This mechanism may explain the localization of the Neat1 lncRNA, which requires transcription to act even when large amounts of non-nascent mature RNA is present 42 . (ii) lncRNAs can interact with DNA through direct nucleic-acid hybridization. This can include traditional base-pairing interactions, which explains the specificity of the telomerase RNA component for telomeric DNA repeats 96 .
Additionally, lncRNAs can interact with DNA through triplex-mediated interactions, which may explain the localization of specific ncRNAs to ribosomal DNA promoters 97 . (iii) lncRNAs can physically interact with DNA binding proteins. Indeed the localization of Drosophila roX lncRNAs are dependent on their interaction with the CLAMP DNA binding protein to recognize specific DNA binding sites 65, [98] [99] [100] . This mechanism may also explain the localization of Xist and Firre; both lncRNAs are thought to interact with the hnRNPU/ SAF-A DNA binding protein, which is required for their localization to DNA 45,101 .
However, these mechanisms-polymerase tethering, hybridization, and DNA-binding protein mediated recruitment -alone may not be sufficient to explain how a lncRNA localizes to specific sites. For example, the roX lncRNAs localize through their interaction with CLAMP, but they do not interact at all sites throughout the genome where CLAMP is localized 98, 102 . Similarly, both Xist and Firre interact with hnRNPU/SAF-A 45,101 , yet each localize to very different genomic DNA sites. This argues that specificity may not depend on a single factor, but may involve multiple independent factors, including those described above, that together provide localization specificity. Despite these examples, it remains largely unknown how most lncRNAs recognize and localize to genomic DNA.
lncRNAs can exploit the three-dimensional conformation of the nucleus to search for targets
Recent results are pointing to a potentially general mechanism by which lncRNAs search for regulatory targets by exploiting the three-dimensional conformation of the nucleus. For example, Xist utilizes three-dimensional nuclear organization to locate DNA target sites by first localizing to genomic sites that are in close spatial proximity to its own transcription locus 44, 103 . Moving Xist to a different genomic location leads to its relocalization to new genomic target sites that are defined by their close spatial proximity to the new Xist integration site 44 . Other lncRNAs have also been shown to use spatial proximity to identify target sites 37, 98, 104 . HOTTIP localizes across the HoxA cluster, which is in close spatial proximity to its own transcription locus 47 .
This interplay between proximity-guided search and lncRNA localization is not restricted to interactions that occur on the same chromosome, but can also occur across chromosomes because regions that are present on different chromosomes can be in close spatial proximity in the nucleus 105 ( Figure 2B ). Indeed, the CISTR-ACT lncRNA localizes to sites present on the same chromosome as well as to sites on different chromosomes that are in close spatial proximity to its transcription locus 46 . This proximity-guided model may also explain the localization of HOTAIR, the first example of a trans regulatory lncRNA. HOTAIR is transcribed from the HoxC locus and regulates the expression of genes in the HoxD locus, which is present on a different chromosome 64 . Indeed, the Hox gene loci, despite being present on different chromosomes, often interact with each other in close spatial proximity within the nucleus 13, 106, 107 . Such a proximity-guided search model may explain the apparent observations of both cis and trans mediated regulatory mechanisms of various lncRNAs and may suggest that these apparently divergent mechanisms share a common principle of proximity within the nucleus (Figure 2 ). This proximity-guided search model exploits a feature that is unique for RNA, relative to proteins, which is its ability to function immediately upon transcription. In this model, the local concentration of a lncRNA depends primarily on its spatial distance from its transcription locus, such that sites that are close will have high concentration and sites that are far will have low concentration. Yet, proximity alone is not sufficient to explain interaction, because mRNAs are also present at high concentration, but do not act, in spatial proximity to their transcription locus. Similarly, the Firre lncRNA interacts with specific DNA sites that are in spatial proximity to the Firre locus, but does not interact with all sites in spatial proximity 45 . Instead, other mechanisms, such as tethering, hybridization, or DNA binding interactions, are likely to be required for proper localization of the lncRNA to specific sites. Indeed, the roX lncRNAs interact with specific DNA sites, defined by the presence of CLAMP DNA elements, only when these sites are present in close spatial proximity 98, 104 . These two components -proximity and sequence specificity -may explain the localization of many lncRNAs. Specifically, a lncRNA will have a high probability of interacting with a target site within a region of high concentration, but it will have a low probability of interacting with a target site within a region of low concentration -even if it has a high affinity for that site ( Figure 2C) . Importantly, such a strategy might explain how lncRNAs, which are generally of lower abundance, could reliably identify their target genes by searching in close spatial proximity to their transcription locus rather than searching across the entire nucleus.
lncRNAs are essential for the establishment and maintenance of nuclear domains
Recent studies have highlighted another link between lncRNAs and nuclear organizationthat is, several lncRNAs have been shown to play a critical role in bringing together DNA, RNA, and proteins to actively shape some aspects of three-dimensional nuclear organization. We discuss examples of lncRNAs that establish nuclear domains across various levels of organization from nuclear bodies to enhancer-promoter interactions below ( Figure 3 ).
Nuclear bodies: Neat1 establishes the paraspeckle
The paraspeckle consists of various RNAs and proteins that are spatially co-localized and is thought to be the site of nuclear retention of adenosine-to-inosine edited mRNAs 8, 9 . Recent studies have demonstrated an essential role for the Neat1 lncRNA in forming paraspeckles 42, 43, 108 . Specifically, Neat1 has been found to localize within the paraspeckle 43, 108, 109 , and its loss of function leads to a loss of the paraspeckle domain 43, 108 . Conversely, induction of Neat1 is sufficient to establish the paraspeckle domain 42 . Furthermore, recruitment of Neat1 to a transgenic site is sufficient to create paraspeckles at that location 42, 110 . Indeed, synthetically tethering Neat1 to a genomic DNA region is sufficient to form paraspeckles, but tethering the paraspeckle-associated proteins, such as PSP1 to DNA is not sufficient to assemble paraspeckles 110 . Neat1 transcription is required for establishing and maintaining paraspeckles by recruiting paraspeckle-associated proteins to the Neat1 genomic locus 42 . Accordingly, disruption of Neat1 transcription, even without a reduction in overall Neat1 levels, leads to the loss of paraspeckles 42 .
Together, these studies demonstrate that Neat1 plays an architectural role in the establishment and maintenance of the paraspeckle nuclear domains by seeding at its transcription locus and recruiting associated proteins to create an RNA-protein nuclear compartment.
Intrachromosomal regulatory domains: Xist compacts the X-chromosome
During XCI, the inactive X-chromosome is compacted and relocated to the periphery of the nucleus to form an intrachromosomal domain, termed the Barr body 52 . This threedimensional restructuring of the Xi is carried out by the Xist lncRNA 52,111 . Indeed, integrating Xist into transgenic locations, including on autosomes, is sufficient to silence, compact, and reposition the chromosome on which Xist is integrated 59,112 . Xist spreads from its transcription locus to initial sites that are in close spatial proximity 44 . From these sites, Xist then spreads across the entire X-chromosome. This spreading process is known to involve significant changes to chromosome architecture across the X-chromosome 52,111 . These structural changes depend on the A-repeat domain of Xist, the same domain required for silencing transcription, because deletion of the A-repeat leads to the exclusion of actively transcribed regions from the silenced X-chromosome territory 44,51 .
Together, these studies demonstrate that Xist is necessary for restructuring genomic DNA regions to establish an RNA-mediated silenced nuclear compartment. Xist performs this function by spreading across the X-chromosome and repositioning genes into the silenced Xist compartment 44 .
Interchromosomal regulatory domains: Firre forms a trans-chromosomal compartment
Multiple genes that are present on different chromosomes can often localize within shared regions of the nucleus. These interchromosomal nuclear domains are often defined by the presence of genes with shared functional roles or regulation by common factors 105, 113, 114 . Recently, a lncRNA, termed Firre was identified based on its role in adipogenesis 66 . This lncRNA was shown to localize within a single nuclear domain containing many genes previously implicated in energy metabolism 45, 66 . This single nuclear domain includes the Firre transcription locus on the X-chromosome as well as at least 5 genes that are located on different chromosomes including chromosomes 2, 9, 15, and 17 45 . Importantly, deletion of the Firre locus results in reduced co-localization of the trans-chromosomal contacts within this nuclear domain 45 . Random integration of Firre into different chromosomal regions leads to the emergence of new nuclear foci, suggesting that Firre may be sufficient to create a nuclear compartment at its integration sites 45 . Taken together, these results suggest that Firre is required to maintain and may even be required to establish the formation of a transchromosomal nuclear compartment containing target genes of shared function.
Enhancer-Promoter interactions: eRNAs can promote chromosomal looping
Gene regulation involves physical interactions between distal enhancer regions and the promoters that they regulate. Recent studies have shown that several active enhancer regions can be transcribed to produce eRNAs. Several eRNAs have been proposed to play a role in mediating chromosomal interactions between an enhancer region and its associated promoter 35,115,116 , 37,48,115,117 . For example, estrogen-induced 116 and androgen-induced eRNAs 35 have been shown to maintain DNA looping between enhancer and promoter regions and, through this interaction, promote gene activation of estrogen-responsive genes and androgen-receptor-activated genes, respectively. Together, these results suggest that some eRNAs are required to maintain the three-dimensional chromosomal looping between an enhancer and its associated promoter.
While much is still unknown about how these eRNAs work, initial insights are emerging from two specific eRNAs that are highly expressed in prostate cancer 35 . The PRNCR1 eRNA binds to the enhancer regions of androgen-receptor regulated genes and is thought to recruit the DOT1L histone methytrasferase to the enhancer. This chromatin protein recruitment in turn recruits a second lncRNA, PCGEM1, to the same region. The PCGEM1 lncRNA is thought to interact with Pygo2, an H3K4me3 reader that can recognize methylation groups on active promoter regions 35 . Through the recruitment of these proteins, these eRNAs appear to facilitate looping between the enhancer and promoter regions, leading to the subsequent activation of the target gene 35 . These results suggest that eRNAs may recruit chromatin regulatory proteins to create high affinity interactions between different regions of DNA and, through this, act to reposition enhancer and promoter regions into close spatial proximity.
Collectively, these results and others 41 demonstrate that several lncRNAs play an important role in establishing and maintaining higher-order nuclear structures across various levels of nuclear organization from nuclear bodies to enhancer-promoter interactions.
A proposed model for lncRNA-mediated organization of nuclear structure
While there is some evidence that lncRNAs can recruit chromatin regulators, modify chromatin structure, regulate gene expression, search in spatial proximity, and reposition genes into a nuclear domain, how these mechanisms work together to create a dynamic nuclear compartment remains unclear. Important insights can be derived from studies of nuclear body formation, which depends on many molecules -including RNA, DNA, and protein -coming together into a single nuclear region 4, 118, 119 . This process requires the localization of an initial nucleating factor, which seeds organization and recruits other factors to this location 4, 119 . For example, tethering individual RNAs or proteins that are present in the Cajal bodies to a random location in the genome is sufficient to seed the formation of a new Cajal body at that site 110, 120 . In the context of well-studied nuclear bodies, such as the Cajal body and the nucleolus, the proteins involved have domains that allow them to self-interact, thereby creating preferential interactions between molecules of the same identity 118, 119, 121, 122 . This self-organization creates a high local concentration of a defined set of molecules within a spatially confined region around the initial nucleating factor 119 .
This process may also explain the assembly of other functional nuclear structures; DNA containing common chromatin modification patterns 16 or DNA that is bound by shared proteins, such as PRC2 [13] [14] [15] or various transcription factors [10] [11] [12] , can cluster together in three-dimensional proximity. While the exact mechanism that leads to the formation of these particular long-range interactions is largely unclear 123 , it appears that a similar selforganization property may be involved because molecules of shared identity preferentially interact in three-dimensional proximity 124, 125 .
Based on the studies discussed above, we propose a model for how lncRNAs may organize nuclear architecture (Figure 4) . This model is an extension of those originally proposed for Neat1 42 and Xist 44 . In this model, lncRNAs can seed organization by creating domains of high local lncRNA concentration near their site of transcription. This would allow the lncRNAs to scaffold various protein complexes and thereby nucleate lncRNA-protein complex assembly, increasing the effective concentration of proteins within this domain 4, 42 . lncRNAs can then interact with high affinity target sites to achieve specificity and recruit lncRNA-protein complexes to specific target sites. At these targets, lncRNA-protein complexes may modify the chromatin state and, through this, may act to reposition DNA sites into new nuclear domains of shared chromatin modification or protein occupancy 44 . Importantly, whether chromatin modifications or other mechanisms, such as selforganization based on the recruitment of shared protein complexes, are what drive repositioning remains to be tested. This proposed model may not be restricted to the formation of DNA compartments, but may also explain the spatial assembly of RNA and protein domains in the nucleus through a similar lncRNA-centric mechanism 42, 110, 122 .
This process of lncRNA spreading and repositioning may involve iterative steps by which the lncRNA, while actively transcribed, can continue to seed, nucleate, modify, and reposition genes into an expanding nuclear domain 44 . For example, Xist spreads to new sites on the X-chromosome by interacting in spatial proximity with the genes that have not yet been silenced and then repositioning these genes into the growing silenced nuclear compartment 44 . Once established, the lncRNA may maintain this domain through continued transcription from a location in close spatial proximity to the newly formed compartment, similar to how Neat1 is required to maintain paraspeckles through an ongoing process of transcription 42 .
Possible implications of lncRNA-mediated nuclear organization in gene regulation
It is increasingly clear that there are functional nuclear domains that contain shared chromatin modification patterns 16 or protein occupancy 2, 10, 12, 14 . However, not all DNA that is modified or bound by a specific protein in the nucleus is spatially localized within a single nuclear domain 13, 16 . We hypothesize that different lncRNAs may establish these specific nuclear domains by scaffolding and recruiting distinct combinations of proteins. ( Figure  5A ). For example, the nucleus contains multiple discrete functional domains that are enriched for polycomb protein occupancy (polycomb bodies) 14, 15 ; one such domain is the inactive X-chromosome 79 , which is established by a specific lncRNA and is spatially distinct from other polycomb-enriched domains in the nucleus.
While nuclear organization is known to be highly dynamic between cell states, how this organization is dynamically established during various processes, such as cellular differentiation, remains unclear 11, 106, 126, 127 . We hypothesize that some lncRNAs might act as "organizational centers" to establish cell-type specific nuclear domains that organize genes of similar function in close three-dimensional proximity. Such a role is consistent with the observation that lncRNAs exhibit extraordinary cell-type specificity 26, 27, 128 , in contrast to proteins, which are often reused in multiple cellular contexts 129 . In this model, nuclear compartments can be dynamically organized simply through the activation or repression of a single lncRNA gene ( Figure 5B ).
This hypothesized role of lncRNAs as organizational centers might represent an ideal strategy for how nuclear-localized lncRNAs could act to regulate gene expression. Because lncRNAs are generally expressed at low abundance, the probability of coordinately finding multiple target genes that are distributed throughout the nucleus would be low, potentially leading to heterogeneous expression of these genes. There are two theoretical solutions: increase lncRNA abundance or cluster target genes in spatial proximity. While both approaches solve the challenge of finding distributed genes, increasing the levels of a lncRNA may not be an optimal solution because this may lead to sub-saturation of a lncRNA scaffold with its associated regulatory proteins ( Figure 1B) . Therefore, lncRNAregulation of multiple distributed genes requires a tradeoff between the optimality of finding all genes (high lncRNA expression) with the optimality of interacting with all required regulatory proteins (low lncRNA expression). Spatial clustering would provide an ideal solution because it would enable a lncRNA to easily find all of its targets based on spatial proximity, where the lncRNA is in high local concentration, while ensuring saturation of the lncRNA regulatory complexes to coordinately regulate all of its target genes.
Concluding remarks
While the role of lncRNAs in establishing nuclear organization is attractive, many questions remain. Currently, there are only a few examples of lncRNAs that organize nuclear domains and even for these few lncRNAs, how they organize these nuclear domains is largely unknown. Future studies will be required to determine whether this role may be a more general role for nuclear-retained lncRNAs and whether there may be general mechanistic principles by which lncRNAs act to shape nuclear domains. In particular, it will be important to identify additional lncRNA-mediated nuclear domains and characterize the dynamics of their formation across various cellular conditions. Such examples will allow us to dissect the precise mechanisms by which lncRNAs can organize nuclear domains and determine the various components required for domain assembly. To address these questions, it will be important to develop experimental systems, such as inducible lncRNA systems that enable precisely controlled formation of the associated nuclear domain, to dissect dynamic nuclear organization at the molecular level. Such experimental systems will enable the systematic perturbation of a lncRNA, including deletion of specific protein binding regions, and the measurement of their roles in the establishment and maintenance of nuclear domains. Finally, it will be essential to determine the role that lncRNA-mediated regulation of nuclear organization plays in the control of gene expression. While much work remains to be done, it is now clear that the roles of lncRNAs in regulating gene expression and establishing nuclear organization may be more tightly linked than previously appreciated. 
Highlights
Many nuclear-retained lncRNAs can recruit chromatin regulatory proteins to genomic DNA to regulate gene expression Several of these lncRNAs can search for regulatory targets by exploiting the threedimensional conformation of the nucleus Several lncRNAs are essential for the establishment and maintenance of threedimensional nuclear domains
The role of lncRNAs in regulating gene expression and shaping nuclear organization may occur through some shared molecular mechanisms
Box 1: Experimental methods to define lncRNA-protein interactions
There are several common methods for purifying lncRNA-protein complexes including protein-based and RNA-based purification methods. For a more complete discussion of these methods and their strengths and limitations, see 90 .
Briefly, most lncRNA-chromatin interactions 34, 38, 82 , including the Xist-PRC2 interaction 75, 76 , have been identified using 'native purification' methods, which purify RNA-protein complexes under physiological conditions. The advantage of these methods is that they preserve the native complexes present in the cell. Yet, these methods also have several limitations including the potential for the identification of RNA-protein interactions that form in solution, which do not reflect interactions occurring in the cell 130, 131 . Because of these issues, there has been some debate about the biological significance of interactions detected by these methods 76, 78, 89 , including the Xist-PRC2 interaction, with some arguing that they are non-specific 78 .
One way to distinguish in vivo interactions from interactions that form subsequently in solution is by crosslinking RNA-protein complexes in the cell and purifying the complex under denaturing conditions 131 . Methods such as CLIP utilize UV crosslinking, which crosslinks directly interacting RNA and protein molecules, to purify complexes using high-stringency wash conditions followed by separation on a denaturing SDS-PAGE gel 132, 133 . A limitation of this method is that UV will not capture interactions that occur through a complex of multiple proteins 134 . This has restricted its adoption for mapping many chromatin regulatory proteins because the precise protein within most chromatinregulatory complexes that might directly interact with a lncRNA is unknown.
Other crosslinking methods such as formaldehyde, which crosslinks nucleic acid-protein as well as protein-protein interactions, can eliminate the need to know the exact interacting protein while enabling purification in high stringency conditions30,135. Indeed, several studies have used this approach to map numerous chromatin regulatory proteins, including PRC2 and WDR5, and have identified a more specific set of interactions than previously identified by native purifications30,84. Yet, adapting this formaldehyde approach to a denaturing strategy is challenging since a denaturing SDS-PAGE gel will no longer resolve the purified complex. Furthermore, because formaldehyde crosslinks across a larger physical distances than UV, many of the interactions identified by this method might not reflect physical interactions between a lncRNA and chromatin complex78. For example, this approach will also identify chromatin proteins and lncRNAs that are in close proximity within a DNA locus; such proximity will likely occur for nascent transcripts and the many activating chromatin complexes bound near their transcription locus.
In the absence of the ability to define a lncRNA-protein interaction using direct crosslinking and denaturing conditions, it is unclear how to confidently define in vivo physical interactions using biochemical methods. In such cases, complimentary genetic methods are essential to demonstrate the functional importance of an identified lncRNAprotein interaction. (a) Nuclear domains that share the same proteins can interact in different regions of the nucleus. Zoom-in panels: We hypothesize that different lncRNAs may act to distinguish between these domains by scaffolding and assembling distinct domains. (b) Through linear co-regulation, operons can simultaneously regulate sets of genes (A, B, C and D, E, F) with shared regulatory functions. Activators (pink triangles) and repressor (green boxes) control operon expression under a particular cell state. We hypothesize that through spatial co-regulation, lncRNAs may nucleate the formation of nuclear domains to co-localize target genes upon induction of lncRNA expression. For instance, upon induction of lncRNA1, genes A, B, and C are co-regulated in a nuclear domain (red cloud, dashed lines). Under a different cell state, lncRNA1 expression is repressed, leading to the breakdown of the lncRNA1 nuclear domain and expression of lncRNA2 leads to formation of another nuclear domain (blue cloud, dashed lines) containing genes D, E, and F.
